INTRODUCTION {#sec1-1}
============

Activation of Ras signaling pathway is a major event in the process of cancer development. Mutations within the Ras proto-oncogene commonly occur in cancer, leading to its hyperactivation, aberrant growth signaling, and unchecked cell proliferation. Extracellular cues initialize Ras activation, triggering a cascade of downstream events involving specific Ras effector proteins that in turn modulate the activities of various molecular players to elicit the desired cellular effect.\[[@ref1]\] Although Ras signaling is typically associated with oncogenic effects such as decreased apoptosis and increased cell proliferation, it is also linked to the activation of effectors involved in tumor suppression. The RASSF1 (Ras-association domain family 1) family of proteins represents a class of Ras effectors that possess tumor suppressive properties. The *RASSF1* gene comprises eight exons that undergo alternative splicing mechanisms to give rise to seven different isoforms (RASSF1A-RASSF1H).\[[@ref2]\] It is encoded by the 3p21.3 segment of the genome, a region densely populated with tumor suppressor genes and highly susceptible to deletion and/or epigenetic silencing in various cancers.\[[@ref3]\]

RASSF1A (Ras-association domain family isoform A), a 39 kDa protein, is characterized by the presence of a Ras association domain in its C-terminal region, allowing it to weakly interact with members of the Ras superfamily of proteins. It also possesses a SARAH (Salvador-RASSF1A-Hippo) domain in this region, essential for its interaction with members of the Hippo signaling pathway such as mammalian sterile 20-like (MST) kinases and the scaffolding protein Salvador, which also possess this domain. An ataxia telagectasia mutant (ATM) kinase phosphorylation site spans residues 125-138. A cysteine-rich domain is present in the N-terminal region of RASSF1A, found to be important in mediating some of its apoptotic effects.

Hypermethylation of the RASSF1A promoter region is probably the most frequently described epigenetic inactivation event thus far in human cancers.\[[@ref2][@ref4]\] RASSF1A gene methylation has been reported in at least 37 tumor types. For example, methylation of RASSF1A is found in 80% of small cell lung cancers,\[[@ref5]\] over 60% of breast tumors,\[[@ref6][@ref7]\] in 90% of liver cancers,\[[@ref8]--[@ref10]\] in 63% of pancreatic tumors,\[[@ref11]\] in 40% of nonileal tumors,\[[@ref11]\] in 69% of ileal tumors,\[[@ref11]\] in 70% of primary nasopharyngeal cancers,\[[@ref8]\] in 91% of primary renal cell carcinomas,\[[@ref12]\] and in 62% bladder tumors.\[[@ref13]\]

In prostate cancer, RASSF1A gene silencing is observed in over 70% of cases, comparable to the frequency of epigenetic inactivation of other well-known tumor suppressor proteins in prostate cancer, such as the DNA damage repair protein, GSTP1 (Glutathione S transferase pi).\[[@ref14]--[@ref17]\] RASSF1A expression is silenced in patient-derived tumor specimens as well as various cancer cell lines such as LNCaP, PC3, DU145, 22RV1, ND-1 mainly due to promoter hypermethylation.\[[@ref14]\] Silencing of the RASSF1A promoter through methylation is associated with advanced grade prostatic tumors, suggesting a correlation between loss of RASSF1A expression and tumor prognosis. Moreover, large numbers of prostatic intraepithelial neoplasia (PIN; precancerous lesions) samples show RASSF1A promoter hypermethylation.\[[@ref18]\] The high frequency of RASSF1A promoter methylation in prostate cancer and in PIN lesions suggest that RASSF1A gene silencing occurs at an early stage in prostate cancer development and has lead to the investigation of its use as a biomarker for the disease.\[[@ref17]\]

Although there is a plethora of published literature demonstrating selective methylation of the promoter of RASSF1A gene in a large numbers of tumors, the biological functions of RASSF1A are yet to be clearly defined. Therefore, in this review we will focus on the cellular functions of RASSF1A, highlighting its role as a tumor suppressor. The role played by RASSF1A in regulating important cellular processes such as cytoskeletal dynamics, cell-cycle progression, and apoptosis is discussed in the following.

BIOLOGICAL FUNCTIONS OF RASSF1A {#sec1-2}
===============================

Modulating microtubule dynamics {#sec2-1}
-------------------------------

Microtubules are highly dynamic polymers of tubulin and form an integral part of the cytoskeletal system. Their ability to rapidly assemble and disassemble is exploited at various stages of the cell cycle, ensuring the proper segregation of sister chromatids followed by cytokinesis. RASSF1A has been found to co-localize with microtubules via a highly charged, basic region spanning amino acids 120-288 in the primary sequence of the protein.\[[@ref19]\] Deletion analysis studies have revealed that both the N- and C-terminals of RASSF1A are essential for its interaction with microtubules.\[[@ref20]\] Studies suggest that microtubule-associated proteins such as MAP1 and its homologue C190RF5 could play a role in mediating the interaction of RASSF1A and the microtubule network.\[[@ref21]\]

Depending on the stage of the cell cycle, RASSF1A has been shown to be associated with different microtubular structures, indicating that a dynamic interaction exists between this tumor suppressor protein and the cytoskeletal structure. During interphase, RASSF1A is found to be tethered to cytoplasmic microtubules. It shuttles from the centrosome in prophase to the spindle poles in metaphase and anaphase, and localizes to the midzone and midbody during telophase.\[[@ref19]\] RASSF1A is found to have a taxol-like stabilizing effect on microtubules, making them resistant to nocodazol induced destabilization. RASSF1A-induced stabilization of microtubules decreases the motility and invasiveness of cells, thereby impeding cell migration and metastasis. Knock-down of RASSF1A is associated with loss of cell--cell adhesion and the development of a fibroblast-like morphology in HeLa cells, highlighting the significance of RASSF1A association with the microtubular network in controlling cell migration.\[[@ref22]\]

The growth inhibitory properties of RASSF1A are dependent on its ability to bind with microtubules, as a mutant lacking the tubulin association domain was unable to induce cell-cycle arrest in 293-T cells.\[[@ref23]\] When bound to microtubules, RASSF1A promotes G1/S and mitotic arrest. Phosphorylation of RASSF1A by Aurora-A kinase on Thr 202 and Ser 203 disrupts its association with the microtubule network, allowing mitotic progression.\[[@ref24]\] Protein kinase C dependent phosphorylation on Ser 197 and Ser 203 also modulates the ability of RASSF1A to interact with microtubules.\[[@ref25]\] It is possible that modifications such as phosphorylation impact the affinity of RASSF1A for microtubules or bring about a conformational change whereby it can no longer establish lasting contact with the microtubules. It remains to be determined whether any modifications in addition to phosphorylation occur on RASSF1A and how they affect its interaction with the cytoskeleton.

Controlling cell cycle progression {#sec2-2}
----------------------------------

*G1/S transition:* RASSF1A over-expression results in the accumulation of cells in the G1 phase of the cell cycle. This is accompanied by a decrease in the levels of Cyclin D1, a factor essential for the progression of the cell-cycle through the Rb checkpoint. The exact mechanism by which RASSF1A brings about a decline in Cyclin D1 levels is unclear. Some studies suggest a post-translational mechanism, possibly by influencing mRNA stability or translational mechanisms, with no effect on Cyclin D1 gene expression.\[[@ref26]\] Others have found that RASSF1A overexpression suppresses Ras-induced c-Jun-NH2-kinase (JNK) phosphorylation, resulting in decreased JNK signaling and a decline in the levels of target genes such as Cyclin D1. These data imply a possible role for RASSF1A in regulating Cyclin D1 gene expression. However, it should be noted that while a decline in JNK signaling was demonstrated experimentally in RASSF1A expressing cells, only the protein expression of Cyclin D1 was assessed, which does not extrapolate to a decline in Cyclin D1 gene induction.\[[@ref27]\] Further studies are necessary to confirm whether RASSF1A expression has an effect on Cyclin D1 gene induction or acts post-transcriptionally, by influencing message or protein stability.

In addition to negatively affecting Cyclin D1 accumulation during G1, RASSF1A is also involved in controlling Cyclin A2 levels through its interaction with E1A regulated transcription factor, p120E4F. The fraction of cells arrested in G1 upon RASSF1A overexpression increases dramatically in the presence of p120E4F, suggesting that this factor abets RASSF1A in its growth inhibitory functions. By binding to the cyclic-AMP response element (CRE) in the promoter of Cyclin A2, p120E4F transcriptionally represses this factor that is required to progress to the next stage of the cell cycle. The ability of p120E4F to repress the Cyclin A2 gene promoter is incumbent on the expression of RASSF1A, which modulates its binding to the CRE site. Knockdown experiments with siRNA against RASSF1A have demonstrated the inability of the p120E4F to bind this site within the Cyclin A2 gene, resulting in increased expression of Cyclin A2 and a concomitant rise in the number of cells undergoing G1/s transition.\[[@ref28][@ref29]\]

These studies highlight the ability of RASSF1A to stall cells in the G1 phase of the cell cycle. While RASSF1A expression is lost in most cancers due to epigenetic silencing, detectable levels of RASSF1A are present in normal cells. Surely, these cells must have a mechanism by which they can overcome the G1 arrest brought about by RASSF1A. Degradation of factors such as p21, p27kip amongst numerous others, is important for the progression of one stage of the cell cycle to the next. Cells possess specific ubiquitinylating enzyme complexes that tag key factors for degradation at each stage of the cell cycle. RASSF1A is regulated in a similar manner. The Skp1-Cul1-F-box (SCF) complex is involved in the degradation of several key players, including RASSF1A, which modulate G1/S transition. RASSF1A phosphorylation by Cyclin D-CDK4 on Ser 203 during G1 is an important event in the activation of its subsequent degradation. The substrate recognition component of the SCF complex, Skp2, recognizes the phospho moiety on RASSF1A and brings the other members of the ubiquitin ligase complex in close association with RASSF1A, thereby allowing it to be ubiquitylated and degraded by the proteasome. This explains the low levels of RASSF1A present during the S phase of the cell cycle.\[[@ref30]\]

Regulation of mitotic progression {#sec2-3}
---------------------------------

The anaphase promoting complex (APC) is an important ubiquitin ligase complex required for cell-cycle progression during the G1 and M phases. In conjunction with its binding partners Cdh1 and Cdc20, APC targets key regulatory factors for degradation, facilitating the progression of one stage of the cell cycle to the next. In order to keep the growth promoting effects of APC in check, the cell expresses specific inhibitory proteins such as Emi1, Mad2, at each stage of the cell cycle that maintains control over APC activation by inhibiting its binding partners.

RASSF1A is recruited to the spindle poles during prometaphase through an interaction with RASSF1A binding protein 1 (RABP1), where it encounters Cdc20, and binds to it via D-box domains present in its N-terminal region. Its interaction with Cdc20 has an inhibitory effect on APC/Cdc20 activation. Cdc20 inhibition by RASSF1A allows Cyclins A and B to linger on in the cell, thereby slowing mitotic progression. RABP1 depletion results in hyper-activation of APC, which leads to the premature destruction of mitotic cyclins, indicating that RABP1 is an important mediator of RASSF1A interaction with Cdc20.\[[@ref31][@ref32]\]

The mitotic blockade caused by RASSF1A is overcome by Aurora A-mediated phosphorylation of RASSF1A. Aurora A and RASSF1A interact at the mitotic spindles, where it phosphorylates Ser 203 on RASSF1A. Phosphorylation of RASSF1A obliterates its ability to interact with Cdc20, thereby relieving the RASSF1A-mediated inhibition of APC/Cdc20.\[[@ref33]\] A recent report presents evidence to show that the activated APC/Cdc20 complex ubiquitylates RASSF1A, priming it for degradation. Thus, Aurora A kinase mediated phosphorylation of RASSF1A promotes mitotic progression by causing APC/Cdc20 activation and subsequent degradation of RASSF1A.\[[@ref34]\]

RASSF1A is phosphorylated once again during mitosis; however, this time Aurora B is the kinase responsible. During the late stages of mitosis, RASSF1A is known to be localized to the midzone and midbody in a Syntaxin16-dependent fashion, in a manner reminiscent of RABP1 recruitment of RASSF1A to the spindle poles during early mitosis. Syntaxin16 is a *t*-SNARE membrane fusion protein important in the proper execution of cytokinesis. Cells depleted of Syntaxin16 fail to complete cytokinesis and are found to be multinucleated.\[[@ref35]\]

RASSF1A-Syntaxin16 association is dependent on RASSF1A phosphorylation on Ser 203 by Aurora B kinase. Studies have shown that nonphosphorylatable mutants of RASSF1A are unable to localize to the midzone and midbody, and the cells fail to undergo proper cytokinesis, resulting in multinucleation. In the absence of this phosphorylation event, not only does Syntaxin16 fail to interact with RASSF1A, but itself is unable localize to the midzone and midbody, suggesting that it does so in a manner dependent on RASSF1A phosphorylation. This implies that Aurora B phosphorylation mediates RASSF1A-Syntaxin16 interaction, followed by their localization to the midzone and midbody, where Syntaxin16 ensures normal cell division.\[[@ref35]\] Thus, Aurora A and B phosphorylation events, carefully timed to occur at different stages of mitosis, govern the fate of RASSF1A in a manner that allows normal mitotic progression.

In addition to phosphorylation events, ubiquitylation also plays a role in governing the effects of RASSF1A during mitotic progression. As discussed above, the SCF ubiquitin ligase complex is important in regulating RASSF1A levels during G1/S transition. During mitosis, the Cul4A-DDB1-RING complex is essential for RASSF1A degradation and mitotic progression. Cul4A, a scaffold protein, mediates interactions between the substrate adaptor DDB1, and the E2 enzyme, allowing them to establish close proximity to one another whereby the E2 can transfer a ubiquitin moiety to the substrate, RASSF1A, bound to DDB1. These findings delineate a mechanism by which RASSF1A is degraded during mitosis, thereby allowing its normal progression.\[[@ref36]\]

It is interesting how the levels of RASSF1A fluctuate during the different stages of the cell cycle, perfectly coordinated to allow timely progression to the next stage. Further studies are required to elucidate how RASSF1A expression is restored after its degradation in a preceding stage of the cell cycle.

Induction of apoptosis {#sec2-4}
----------------------

RASSF1A overexpression triggers apoptosis by a number of different mechanisms, predominantly involving the extrinsic cell-death pathway. While the molecular players involved in RASSF1A mediated cell death are numerous and diverse, the basic mechanism underlying their activation involves their direct or indirect interaction with one or more domains in the RASSF1A protein.

RASSF1A interactions with the mammalian sterile 20-like kinases 1 and 2 (MST1/2) have been thoroughly explored. MST1/2 belong to the family of Ser/Thr kinases and are activated by auto-phosphorylation in response to stimuli such as heat shock, serum starvation, UV irradiation etc.\[[@ref37]\] Both MST1/2 have been shown to interact directly with RASSF1A, via SARAH domains present in the C-terminal ends of both, MST and RASSF1A.

In the absence of cellular stressors, MST1/2 are found to exist in the nonphosphorylated form, maintained by Type 2A protein phosphatases (PP2A). RASSF1A interaction leads to MST1/2 dimerization and activation by auto-phosphorylation within their activation loop on Thr 180 and Thr 183, respectively. When complexed with RASSF1A, MST1/2 dephosphorylation by PP2A is prevented, prolonging the activation of these kinases. In the absence of RASSF1A, as seen in a number of different cancers, total levels of MST1/2 are not significantly affected; however, their phosphorylation decreases dramatically, suggesting that RASSF1A is important for maintaining their phosphorylated and active form. The protection of phospho-MST from the action of phosphatases by RASSF1A is specific, as it does not prevent the dephosphorylation of other PP2A substrates like Akt and Erk.\[[@ref38]\]

MST1 interaction with RASSF1A augments its activity, leading to increased phosphorylation of histone H2B on Ser 14, chromatin condensation, and apoptosis. In this manner, RASSF1A mediates MST1 activation and induction of apoptosis. In the absence of RASSF1A, the ability of MST1 to execute Fas-induced apoptosis is diminished, suggesting that its activation by RASSF1A is essential for its proapoptotic function.\[[@ref39]\] Some discrepancies exist concerning the effects of RASSF1A on MST1 activation. Studies have shown that RASSF1A, along with NORE1A, act as potent inhibitors of MST1 activation, which is contrary to the findings described above.\[[@ref40]\] Experimental conditions and methodologies used might provide an explanation for the contrasting results. Further investigations to identify additional players involved in carrying out Fas-induced apoptosis via RASSF1A/MST1 interaction have lead to the identification of NDR kinases and co-activator MOB1 as important downstream effectors of apoptosis. NDR1/2 kinases belong to the AGC kinase subfamily, found to be involved in regulating cell cycle and apoptotic pathways.\[[@ref41]\] Fas receptor stimulation was found to induce NDR1/2 activation in a RASSF1A/MST1-dependent manner. Knockdown of NDR1/2 diminished apoptotic induction by RASSF1A, indicating the importance of these kinases in this process. MOB1, a co-activator of NDR1/2 kinases, was found to be essential for their activation.\[[@ref42]\]

RASSF1A has a similar activating effect on MST2, inducing its dimerization and autophosphorylation on Thr 180.\[[@ref43]\] MST2 peptide sequence analysis has revealed that the Raf1 binding site overlaps with the RASSF1A binding site in the SARAH domain of MST2. In the absence of RASSF1A, MST2 exists in an inactive form bound to Raf1. The survival kinase Akt phosphorylates MST2 on its N- and C-terminal regions, promoting its preferential binding to Raf1 instead of RASSF1A.\[[@ref44]\] Fas-induced apoptotic signals cause Raf1 to be displaced from its complex with MST2, which then binds preferentially to RASSF1A and activates downstream apoptotic players such as p73 and PUMA via the activation of members of the Hippo pathway like LATS1/2. While it is probable that RASSF1A mediated activation of MST2 activates pro-apoptotic pathways, it is surprising that the transcriptional co-activator YAP is involved in p73 activation and PUMA up-regulation, since several studies have shown that it YAP has oncogenic properties.\[[@ref45][@ref46]\] In addition to Fas, DNA damage has also been shown to trigger RASSF1A/MST2-induced apoptosis. DNA damaged is perceived by the master sensor, ATM kinase, which phosphorylates RASSF1A on Ser 131 within its ATM consensus sequence, and triggers activation of MST2 and downstream events described above.\[[@ref47]\]

Recently it was shown that RASSF1A can induce p73 activation and PUMA up-regulation by a Hippo pathway-independent mechanism, via its interaction with scaffolding protein Salvador. An RASSF1A mutant, unable to bind to Hippo pathway members including MST2, bound to Salvador and activated p73, questioning the involvement of MST2 and YAP in RASSF1A up-regulation of PUMA.\[[@ref48]\]

RASSF1A promotes apoptosis in an MST1/2 independent manner as well. Death receptor stimulation recruits modulator of apoptosis-1 (MOAP1), a BH3-only pro-apoptotic protein, to form a TNFR-Moap1 complex, which is followed by MOAP1 engagement of RASSF1A, leading to the formation of a trimeric complex and localization of MOAP1 and RASSF1A to the activated death receptor.\[[@ref49]\] RASSF1A-MOAP1 interaction triggers a conformational change in MOAP1, exposing its buried BH3-like domain and allowing it to interact with pro-apoptotic protein, Bax. In this manner, RASSF1A mediates Bax activation by MOAP1, inducing a conformational change in Bax that allows it to insert itself into the mitochondrial membrane and execute cell-death promoting events. In the absence of RASSF1A, Bax activation via the death receptor pathway is inhibited, suggesting that RASSF1A is an important mediator of the downstream effects of extrinsic apoptotic pathways.\[[@ref50]\]

As described earlier, phosphorylation of RASSF1A has been shown to have important effects in regulating its association with microtubules and determining its fate during mitosis. Interestingly, RASSF1A phosphorylation also affects its apoptotic function. Protein kinase A (PKA) mediated phosphorylation of RASSF1A on Ser 203 contributes to its apoptotic effects via mechanisms involving Bax and p21. The exact mechanism by RASSF1A phosphorylation by PKA triggers apoptosis has not been described, but is thought to involve components of the Hippo pathway.\[[@ref51]\]

On the other hand, phosphorylation of RASSF1A could also have antiapoptotic effects. It has been shown that phosphorylation of RASSF1A on Ser 175, 178, 179 by GSK3β leads to its sequestration by the 14-3-3, a member of a family of proteins that acts as molecular sponges, associating with a wide range of proteins including several pro-apoptotic proteins. Death receptor stimulation leads to a release of RASSF1A from the molecular clutches of 14-3-3, following which it is free to associate with MOAP1 and mediate Bax activation.\[[@ref52]\]

CONCLUDING REMARKS AND FUTURE PERSPECTIVES {#sec1-3}
==========================================

Since its cloning and characterization in the year 2000 by Dammann *et al*.,\[[@ref53]\] the status of RASSF1A expression has been investigated in a wide variety of cancer types and a significant amount of work has been conducted to establish its functions in normal cells. It is clear that RASSF1A is involved in modulating important cellular functions, as loss of its expression has been linked to pathologies such as cancer. The intricate involvement of RASSF1A in cell-cycle progression and apoptosis is evident as cells lacking its expression are unable to retain control on either process, thereby losing the delicate balance between cell growth and death.

Due to its ability to control cytoskeletal dynamics, cell-cycle progression, mitotic events and apoptosis [Figure 1](#F1){ref-type="fig"}, RASSF1A re-expression appears to hold promise for the treatment of cancer. Various approaches aimed at restoring RASSF1A expression in cells have been assessed. 5-aza-2'deoxycytidine, a potent DNA methyltransferase (DNMT) inhibitor, has been shown to increase levels of RASSF1A by reversing the hypermethylated state of its promoter. Although this approach successfully restores RASSF1A expression in a number of different cancer cell lines its use in the clinic should be advocated with caution as use of a nonspecific DNMT inhibitor poses the risk of reversing essential epigenetic modifications across the genome, presenting the risk of potential genomic instability.\[[@ref12][@ref13][@ref15][@ref54][@ref55]\] Future investigations are necessary to determine whether inhibition of any particular DNMT (DNMT1, DNMT3a or DNMT3b) will be sufficient to restore *RASSF1A* expression. Drugs that specifically reinstate *RASSF1A* expression in cancer cells hold promise for the treatment of prostate cancer. We have recently shown that mahanine, an alkaloid derivative isolated from Indian curry leaves (Murraya koenigii) restores RASSF1A expression in prostate, breast, ovarian, lung, skin, and pancreatic cancer cells by down-regulating DNMT activity.\[[@ref56]\] Similar effects were observed in prostate cancer cells treated with a synthetic fluorescent analogue (Ked-4-69) of mahanine.\[[@ref57]\] Mahanine and Ked-4-69 appear to judiciously inhibit DNMT translocation.\[[@ref57]\] However, further studies are necessary to confirm whether mahanine or its analogs restore RASSF1A without disrupting epigenetic modifications across the genome.

![*Cellular functions of RASSF1A*. RASSF1A regulates microtubule dynamics, cell-cycle progression and apoptosis via its ability to engage in molecular interactions with multiple binding partners in the cell. In response to mitogenic stimuli, RASSF1A exerts inhibitory effects on G1/S transition by down-regulating Cyclins A and D. Negative regulation of APC/Cdc20 interaction by RASSF1A delays mitotic progression. Death receptor activation promotes RASSF1A interaction with effectors of apoptotic pathways, such as MST1/2, MOAP1, resulting in induction of apoptosis. GFR: Growth factor receptor; DR: Death receptor](JC-11-3-g001){#F1}

The above findings suggest that RASSF1A re-expression in cancer cells has tumor suppressive effects, warranting the need for further research aimed at targeted restoration of RASSF1A expression in cells where its function is lost.
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